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Introduction 51
Lake Chad is a permanent and shallow freshwater body located in the Sahelian domain of 52
Africa that fringes the southern edge of the Sahara desert (Fig.1) . It is today mostly supplied 53 from its southern watershed by the Chari-Logone rivers system. Lake Chad is a very sensitive 54 indicator of climate and environment changes in North-Central Africa as illustrated by its 55 dramatic recent and past shrinkage in area (Maley, 1972 (Maley, , 2010 Maley and Vernet, 2015) . 56
During the 1960's, Lake Chad covered 25000 km 2 . It decreased less than 1500 km 2 during the 57 1980's (Olivry et al, 1996 ; UNEP, 2004; Don-Donné Goudoum and Lemoalle, 2014) , whereas 58 during the Holocene, 6000 years ago, it reached >350000 km 2 (Schuster et al., 2005) (Fig.1) . 59
The Chad basin is an intracratonic sag basin, whose margins correspond to the maximum 60 expansion of the lake during the Holocene (Schuster et CuKα radiation generated at 40 kV and 40 mV. A <1/4 2θ anti-divergence slit and a 1/2 2θ 168 anti-diffusion slit were used, step size is 0.017 and step time is 30 s. Scans were taken 169 between 2.5 and 65° for randomly oriented powder. The XRD patterns were obtained from 170 powders and oriented preparations of Na, K and, Ca-saturated samples in the air-dried state, 171 after ethylene glycol solvation, hydrazine solvation, and heating (350ºC, 4 h). Semi-172 quantification of minerals amounts was obtained using the relative areas of the major peaks 173 on powder patterns. Local chemical analyses of bulk samples were performed on core 174 fragments (from 0.5 to 1 cm in diameter) with a JEOL JSM-5600LV scanning electron 175 microscope (SEM) equipped with an EDX system (Bruker AXS Microanalysis). The clay 176 fraction (<2µm) of the ten samples was analyzed for major elements and trace elements at 177 Nancy SARM, using the ICP-MS method (Carignan et al. 2001) . 178 179
Results 180
4.1.Lithological description 181
The studied samples range from claystones to siltstones. These are laminated but not varved, 182 which gives a succession of millimetric to centimetric lamina of clays, silts/sands, and 183 diatomites (Fig.2b) . The major component is grey to light green clays. These clays occur as 184 pelites, which are more or less mixed with silts/sands and/or diatomites. White diatomites are 185 generally mixed with clays and/or silts/sands. 186
All samples consist of fine grained clayey sediments. The largest grains observed consist only 187 in quartz grains (coarse sand) of 1 to 2 mm of diameter. Most of quartz grains, conversely, are 188 between 200 and 500 µm and with a river transported grain morphology. Few amounts of 189 typical aeolian quartz grains are also observed and they are always mixed with other quartz 190 grains in some samples (2f, 8j, 25a, and 17h notably) (Table S1 ). Ovoid pellets of indurated 191 mud, from 1 mm up to 1 cm, occurred in samples 21j and 35e (Table S1) . 192
Laminated structures are observed in the samples studied all along the core. Most often 193 millimetric lamina of clays alternate with some diatomites or silt/sand lamina. Silt/sand layers 194 are never more than 5 mm thick. In few samples (18h, 12b, and 9e) (Table S1) 
4.2.1.Recurrent minerals 205
According to powder XRD data of the whole rock samples (Fig.3) , the main and recurrent 206 occurring minerals are smectite (001 reflection at 15.3 Å), kaolinite (001 reflection at 7.2 Å), 207 illite (001 reflection at 10 Å), quartz (main reflection at 3.34 Å), K-feldspars (main reflection 208 at 3.24 Å), and anatase (main reflection at 3.52 Å). The relative amounts of these minerals 209 were semi-quantified (Fig.4) . Clays are the most important minerals all along the core. Their 210 relative abundance ranges from 50 to 85 %, with a mean value of 66%. Quartz is the second 211 mineral represented, ranging from 6 and 70 % (mean value of 27%), while K-feldspars and 212 anatase are always detected in low amounts (mean values close to 4 and 5 %, respectively). 213
The whole mineralogy reflects the relative amounts of the silt and sand fractions (quartz, k-214 feldspar, and anatase) in sediments dominated by a clay fraction. XRD diagrams of ovoid 215 pellets of indurated mud in samples 21j and 35e are similar to the ones of the surrounding 216 pelites. 217 218
4.2.2.Sporadic minerals 219
Opale CT. Biogenic silica is generally made of opal-A, which has a disordered, nearly 220 amorphous structure. It exhibits only a broad band between 19 and 25 °2θ on XRD patterns 221 (DeMaster, 2003) , which is overlapped by the dissymmetric (02-11) reflection of clay 222 minerals. Therefore it was not possible to detect and quantify the amounts of opal-A resulting 223 from the occurrence of diatoms and phytoliths in sediments (Novello et al, 2015a (Novello et al, , 2015b . In 224 the lower part of the core (samples 30j to 35e, from 251 m to 297 m depth), opal-CT was 225 detected (major peak at 4.03 Å) (Fig.3) . According to XRD data, the amounts of opal-CT are 226 ranging between 20 and 40%. Opal-CT is a well-known product of the early diagenesis of 227 opal-A (DeMaster, 2003). The biogenic silica of diatoms and phytoliths was transformed in 228 opal-CT by diagenetic evolution of the deeper samples of the core.
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8 Gypsum (mean peak at 7.59 Å) was detected as traces in most samples but in large quantities 230 in samples 7f, 8a, 8e, 8o, 15h, and 21a-e (Table S1 ). In these samples, gypsum crystals occur 231 as millimetric elongated laths. This crystal morphology suggests a diagenetic origin for 232
gypsum. 233
Calcite and dolomite. Carbonates were rarely detected and in very low amounts (samples 1a-234 1d, 11d, 20b, 22n, and 30j, Table S1 ), except in sample 6a (10 % of calcite and 5% of 235 dolomite). No shell fragments were observed. 236
Apatite. Apatite occurs as minor component in samples 5g, 6d-h, 9c, 10b, 16i, 17h, and 21j 237 (Table S1 ). Apatite source is likely to be related to vertebrate fossil fragments such as fish-238
bones. 239
Jarosite (mean peak at 3.07 Å) was detected only in sample 29a (Table S1 ). Jarosite is a basic 240 hydrous sulfate of iron and potassium (KFe 3+ 3 (OH) 6 (SO 4 ) 2 ) occurring in sulfate rich 241 environments, most often resulting from the oxidation of pyrite in acidic environments 242 (Stoffregen et al., 2000) . Here it is more likely that jarosite has a diagenetic origin. 243 244
4.3.Detailed studies of clay minerals 245
4.3.1.Relative amounts of clays 246
Clay minerals of samples were carefully studied using the <2 µm fraction. (Fig.5) . Smectite, 247 with a mean value of 87%, is the main clay occurring in the <2 µm fraction all along the core. 248
The (001) peak of smectite is especially very broad in the samples having the lowest amounts 249 of this mineral. This feature is due to a very low amount of stacked layers (about 2 layers) of 250 smectite, which makes its quantification difficult and possibly underestimated. Kaolinite is 251 the second clay of the <2 µm fraction, with a mean value of 12%. Illite is a minor component 252 but it is always present in detectable amounts while quartz always occurs in very low 253
amounts. 254
The clay mineralogy appears quite constant all along the core, with a light increase of 255 smectite at the top of the core. 256 After hydrazine saturation, the (001) reflection of kaolinite partly remains at 7.14 Å while 273
another part shifts to 10.4 Å (Fig.7) . This indicates a mixture of ordered and disordered 274 kaolinite crystals. The amount of disordered kaolinite crystals ranges from 41 to 85 % (Table  275 1). 276
No difference was found between the XRD patterns of clays in pellets and surrounding pelite 277 for samples 21j and 35e (Table S1 ). Pellets are due to a reworking of pelite (rip-up clasts). 278
279
Chemical analyses 280
Two sets of data were collected: bulk analyses of the <2 µm fraction of samples (Table 2) and 281 local analyses using a scanning electronic microprobe (Table 3) 
The chemistry of the <2 µm fraction in ovoid pellets (samples 21j and 35e) (Table S1 ) is very 293
close to that present in the surrounding pelite ( Table 2 ). The higher amount of SiO 2 in sample 294 35e° is probably due to its higher quartz composition. 295 SEM-EDX measurements did not allow obtaining the chemistry of isolated smectite particles. 296
At the micron size scale, smectite, kaolinite, and quartz particles are intimately joined. Al, Fe, 297
Mg, and K ratios measured by SEM-EDX are similar to those obtained by bulk chemical 298 analysis (Table 3) . 299
Rare earth elements (REE) diagrams of the <2 µm fraction (Fig.8a) are very similar between 300 the ten samples. Similarities are also observed between all the samples for the extended 301 diagrams of trace elements (Fig.8b) . 
5.1.Source of the deposits 312
The recurrent occurrence of freshwater organism remains (diatoms, sponges), and notably the 313 dominant freshwater diatom species Aulacoseira granulata (Novello et al., 2015a (Novello et al., , 2015b ) 314 indisputably suggests the existence of true lacustrine environments at Bol during the 315 Miocene-Pliocene. Quartz grain morphology indicates that the major inputs of quartz to the 316 lake originated from fluviatile transport while a few parts originated from aeolian transport 317 only. Comparably, pollen spectra of Lake Chad also indicate significant fluviatile 318 contributions to the lake during the Holocene (Maley, 1972 (Maley, , 1981 and still today (Maley, 319 2010) . 320
The dominance of finely laminated clays among the sediments indicates deposition by 321 settling. REE diagrams of the clay fraction ( smectite (Fe-beidellite) clay minerals (Paquet, 1970) . As a result, the current ratio 344 kaolinite/illite/smectite in the modern Lake Chad sediments is close to 63/19/18 % 345 (Carmouze, 1976; Carmouze et al., 1977; Gac, 1980; Gac et al, 1977) . In the Bol sediments, 346 the smectite is conversely largely dominant, with a ratio kaolinite/illite/smectite equivalent to 347 12/1/87 %. Paquet (1970) observed that kaolinite has a higher crystallinity in ferralitic soils of 348
Central Africa than in vertisols in general. In the Bol sediments, badly crystallized 349 (disordered) kaolinites occur in higher abundance than well crystallized kaolinites (Table 1) 
5.2.Lake morphology and dynamics 359
Similarities between ovoid pellets of mud and their surrounding matrix at 3.7±0.1 Ma and 360 6.4±0.1 Ma (samples 21j and 35e) suggest a clay rip-up clasts origin. These pellets may have 361 been produced after the sediments eroded and deposited in the lake, probably in a context of 362 lake regression. Hence, this would suppose rapid changes of the lake water levels at Bol 363 during the end of the late Miocene and during the mid-Pliocene. Moreover, it is most likely 364 that Bol was in the nearshore zone of the lake during these periods which would explain it 365 recording such abrupt variations of the lake level. The closeness of Bol to the lake and the low 366 lake level hypotheses during the end of the late Miocene is consistent with the phytolith 367 assemblage observed at 5.5±0.1 Ma (sample 30j), which includes about 13% of phytoliths 368 indicators of palms (terrestrial obligate plants), against a mere <2-5% in the other samples of 369 the core (Novello et al., 2015a (Novello et al., , 2015b . Later on between ~2.6 and 2.4 Ma, rhizoliths are 370 observed, suggesting again that Bol was close to the lake's shore. Given the lack of true 371 pedogenesis features in the samples, however, it is likely that these rhizoliths were associated 372 with aquatic plants in a shallow water environment (marshy vegetation). 373
Hydrous sodium silicates including magadiite, kenyaite, and zeolites were described in the 374 N'Guigmi interdunal depressions of Lake Chad (Sebag et al., 2001 ). These sodium silicates 375 were formed from brines during the Holocene and indicate a strong evaporation rate of Lake 376
Chad during the last 10,000 years. No such silicates were observed in the Bol samples, 377 suggesting therefore the lack of complete, or else near complete, evaporation at Bol. Bio-378 silica remains (opal-A), including lacustrine indicators (diatoms and sponge spicules), were 379 not observed in the deeper part of the core (<5.5±0.1 Ma) (Novello et al., 2015a, 2015b) , 380 while opal-CT was detected (this study). The siliceous remains initially made of opal-A may 381 have been transformed into opal-CT by diagenesis, preventing their direct recognition by the 382 diatom and phytolith specialists. From 6.4 to 2.3 Ma, therefore, water seems to have been 383 always present at Bol even during periods of the lowest lake levels which favored marshy 384 vegetation (Novello et al., 2015a (Novello et al., , 2015b . 385
The relative amounts of clays, silt/sands, and diatomites in the Bol sediments can be 386 interpreted as indicating changes in the runoff intensity during Miocene-Pliocene. During a 387 full year, the amount of detrital sediments transported to the current Lake Chad by the ChariM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT (Gac, 1980) . We assumed that such a correlation had already existed during the Miocene-390
Pliocene and hypothesized the following scenario: during rainy periods, a severe erosion of 391 the river watershed may have occurred, leading to the transport and then deposition of clays 392 and silt-sands, mixed with diatomites; during periods of weak erosion of the river watershed 393 (and then more likely dryer conditions in the drainage basin), which are also correlated with 394 lower lake levels, diatomites may have been deposited (Lemoalle, 1978) . This last hypothesis 395 refers to the observation of significant bloomings of diatoms during periods of low Lake Chad 396 levels and increasing aridity in the basin during the 1970's (Lemoalle, 1978) . 397
The sedimentation rate at Bol was not strictly uniform between the upper Miocene and the 398 lower Pleistocene. Mean sedimentation rates were calculated using the thickness of sediments 399 between two dated samples (Fig.2b) . A succession of low and high sedimentation rates 400 occurred during the Miocene-Pliocene (Fig.9 ). High sedimentation rates are observed for 401 three distinct periods: 5.6-4.7 Ma, 3.7-3.5 Ma, and 4.3-4.2 Ma (with a lower intensity). 402
Lacustrine sediments described at the fossiliferous localities of northern Chad (Kollé, Koro 403
Toro, and Kossom Bougoundi, 16-17°N) ( (Fig.1) , which each represents a thick section >200 m of mudstones, diatomaceous, and 414 gypsiferous mudstones. The same author attributed these wells to the Pliocene, while 415 Schneider (1989) identified the mudstone sections as being partly late Miocene and Pliocene. 416
It is noteworthy that a great similarity exists between the stratigraphic lithology of the Kanem 417 wells (made of alternating mudstones and diatomitic layers with dominant mudstones) and the 418 lithology of the Bol core. All the northern Chad deposits and cores provide evidence that Lake 419
Chad (or a system of multiple lakes) extended as far as 16°N during the Miocene-Pliocene. 420
Such an expansion was also observed for the Holocene, a period during which Lake ChadM A N U S C R I P T
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14 reached its maximum commonly described as Megalake (Schuster et 
5.3.A lake older than previously thought 424
The 10 Be/ 9 Be dating method provided ages ranging from 6.4± 0.1 Ma for the sample at 297 m 425 to 2.4±0.1 Ma for the sample at 90.8 m (Fig.2). Novello et al. (2015a, 2015b) used a model to 426 re-estimate a few 10 Be/ 9 Be ages which were chronologically inconsistent. Sediments between 427 297 m and 330 m are dominated by lacustrine clay sediments which are similar to those 428 occurring in the upper part of the core. We assume the age model used by Novello et al. 429 (2015a, 2015b) to be totally relevant for estimating the age of the sediment sample located at 430 330 m. According to this model, the age of the 330 m-deep sample is 6.7±0.1 Ma (Fig.2) . Sample 01d 08n 12L 21e 27n 30a 34e M A N U S C R I P T Sediments are dominated by detrital clays, more or less mixed with silt and diatomite;
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These sediments point to a permanent (recurrent) lake(s) between 6.7-2.3 Ma at Bol;
The dominant clay is a Fe-beidellite, a feature of present-day vertisols;
Vertisols near Bol suggest a Sahelo-Sudanian-like climate between 6.7-2.3 Ma;
Changes in sedimentation rate suggest an alternating of wet and dry periods.
